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FOREWORD

This report was prepared by Optical Sciences Center, University of
Arizona, for the U. S. Army Materials and Mechanics Research Center
under Contract DAAG46-79-M-0871, and covers work for the period from
August 1979 to April 1981. J. A. Hofmann at AMMRC was the program

technical monitor and W. L. Wolfe at the Optical Sciences Center was
the principal investigator.
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SCATTERING MEASUREMENTS

Introduction

This document reports the scatter measurements made on vapor
deposited "Raytran" zinc selenide material (manufactured by Raytheon)
and a mirror surface at three wavelengths, 0.6328 ym, 3.39 um, and 10.6
um. The scattered radiation from the transmitted beam for a transparent
window, such as zinc selenide, is the sum of contributions from three
sources; which are the two polished surfaces and the scattering due to
the bulk material. The bulk scattering results from bubbles, inclusions,
striae and granularity within the body of the material. The surface
scattering results from scratches or other surface imperfections which
cause the surface to deviate from an ideal plane.

The scattering measurements of this report do not differentiate
between the types of scattering but simply combine them into a single
scatter value. The scattering from the mirror surface which is due to
surface roughness or particles was similarly lumped into one parameter

called BRDF.

Experimental Apparatus

The scattering experiment was performed on the scatter measurement
instrument built and operated by the Optical Sciences Center at the
University of Arizona. This device has a short optical bench that is
capable of being rotated in a horizontal plane about a vertical axis.
A gimballed mount permits a sample to be centered on the optical-bench-
rotational-axis and adjusted to various optional angles of incidence about

both vertical and horizontal pivot axes. An adjacent platform supports a
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laser and auxiliary optics so that a converging beam is incident on the
sample. An appropriate detector is selected for the wavelength used and
is mounted on the optical bench. The detector is aligned to face toward
the sample and it detects the scattered radiation. The output signal of
the detector is connected to a lock-in amplifier which derives its refer-
ence signal from a chopper installed in front of the laser. Baffles and
apertures are used to block out stray radiation from the laser and off-
angle reflections from the chopper blades. A schematic of the test setup
is shown in Fig. 1.

Three laser sources were utilized for the scattering experiments: a
3 milliwatt helium~neon laser operating at 632.8 nanometers, a 4.5 milli-
watt helium-neon laser operating at 3.391 micrometers, and a 3 watt carbon
dioxide laser operating at 10.6 micrometers. In the case of the second
laser, a long pass filter was mounted on the laser output to pass the 3.391
micrometer output but reject an undesired 1.15 micrometer output. For each

laser, appropriate calibrated attenuators were placed in the beam to enable

on-axis measurements. Each of the attenuators had a value between 10 and 20.

Three detectors were employed, one for each of the three lasers. A
GaAsP photovoltaic detector with an operational amplifier used in the
transimpedance configuration was utiliied to detect the 632.8 nanometer
radiation. A series of small apertures collinear with the detector
limited the field of view to about 2 degrees. In order to be able to
measure very low signals, provisions have been made for mounting a lens
in front of the detector to increase the collecting numerical aperture.
A lead sulfide photoconductive detector operating at dry ice temperature

was utilized to detect the 3.391 micrometer radiation. The field of
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| ©
® view of this detector was limited by a series of apertures similar to
E those used for the GaAsP detector, and again a lens attachment was pro-
! vided. For the 10.6 micrometer band, a mercury-doped germanium photocon-
® ductor detector mounted in a liquid helium cooled dewar with a barium
fluoride field lens was used.
All three laser-detector combinations were used with the lock-in
@ amplifier, providing a dynamic range of 8 orders of magnitude. Noise
fluctuations encountered at lower signal amplitudes were overcome by using
longer integration times on the lock-in amplifier.
¢ The angular position of the detector with respect to the sample was
determined by a resolver with a digital angle readout. It is read within
one minute of arc. The angular position of the sample in the horizontal
® plane was set with a smaller circular scale calibrated in one degree incre-
ments. The detectors were set to the appropriate height with a precision
slide and lead screw after the laser was set to approximately the correct
o height.
Data Collection Procedure
e The geometry of the measurement arrangement is shown in Fig. 2. The
laser and detectors lie in the same horizontal plane. For zero degree
incidence the sample is vertical and its surface is perpendicular to the
e direction of the laser beam. The incidence angle is changed by rotating
the sample about the vertical axis through its front surface. The angle
of measurement, the scatter angle,is determined by the position of the
e detector on a circle centered on the same vertical axis through the sur-
face of the sample. The sample can al' o be tilt¢ 1 about a horizontal
o 4
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axis through its front surface to obtain readings outside the plane of
incidence.

The data taking procedure includes taking no-sample and sample runs.
The former are done with everything in place except the sample so that the
instrument background readings can be made. The procedure is identical
for both types of run. The proper laser is chosen and aligned. The
sample holder is set to the desired angles of incidence and tilt. All the
attenuators are inserted and the detector is moved to an on-axis position
by trial and error until its output is maximized. Then the reading is
recorded, the angle resorders set to zero and a run started. The run con-
sists of moving the detector to a series of positions at increasing angles
from the on-axis position and removing attenuators as necessary. When the
signals get low enough at the larger angles, a lens is inserted. It
collected more flux over a large. angle. Usually a run was terminated
wﬁen the sample holder began to interfere with the measurements. Then
attenuators were reinserted and the on-axis measurement repeated. Then
a run was made with the detector moving in opposite direction and away
from the axis. The on-axis measurement was again repeated. Then a new

angle of incidence or tilt was chosen and the process was repeated.

Data Reduction

Two methods of data reduction are used, one for reflecting samples
and one for transmitting samples. The methods are based on measured
voltages and the definitions of BRDF and BTDF. When light is scattered

from the sample the output voltage V is given in terms of the detector

[y ST R R AP NP WL o -~ .
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responsivity 9P, scattered radiance L, the sample area As and the solid

angle the detector subtends at the sample 2 as

V = RLAQ

The BRDF is definedl as the reflected radiance divided by the incident
irradiance. The BTDF may be defined similarly with "transmitted" replacing
"reflected." Our generalization uses "scattered" to mean either one. Then
if E is the irradiance and Py is the BSDF (Bidirectional Scattering Dis-
tribution Function)

vV =R Pq E A Q cosf

By definition Py for the no-sample measurement is 1 so that the voltage

ratio of sample Vs to no-sample Vns is

Vs
v = ps Q coses

ns

The BSDF is then found to be

g = VS/Vns Q cost_

Goldplated sandpaper has been found to be a reasonably good Lambertian
reference if it is illuminated at angles of incidence less than 30°.2
So 1f the subscript sp is used to indicate a sandpaper measurement, the
voltage ratio is

v R Pe EAQ coses
v R psp EAQ cosesp

P S P
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o
If the sandpaper has a hemispherical reflectivity of 0.92 and calibra-
tion of the scatterometer is done at esp = 0° then
® o. = (V_/V_) (0.92/7) (1/cos8 )
s s’ "sp s
This is the basis of the sandpaper calibration, where pg Was determined
P independently.
Data Presentation
The data are presented in several ways. The abscissa is always a
® logarithmic scale. It is either the scattering angle es or it is a quan-
tity called B-BO (or.B-Bo) where B-BO = sines - sinei. There are theore-
tical reasons3 for plotting in this second coordinate system. The ordi-
® nate is always a logarithmic one and is either the BRDF or a slightly
modified BTDF, one that is normalized to the on-axis value for the sample.
If we did not use this normalization, thicker samples of the same mate-
o rial would have lower BTDF values just because their specular transmission
would be lower.
The ordinates are labeled "BRDF" or "BTDF." The sample, wavelength
o and angle of incidence and tilt are lisged on each graph and for the
tabular listing following the graph. The angle of incidence is measured
in the customary way, with respect to the surface normal. The scattering
o angle is however, referred to the direction of specular reflection. This
provides a similar appearance for all the curves. The scattering angle
can be positive or forward (further from the normal) of the specular di-
® rection or it can be negative or backward (between the normal and the
8
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specular direction or even on the same side of the normal as the incident
light).

The scatter plot is a convolution of the detector field of view of
the laser beam profile and the scattered radiation. In fact, the scat-
tered component car be obtained by subtracting the normalized no-sample
data from the normalized sample data on a point-by-point basis. The
accuracy of the resulting subtracted data is satisfactory at larger angles
where the no-sample values are small. However at smaller angles where
the data are comparable in size, the very small difference between two
large numbers would yield considerable uncertainty. Deconvolution by
subtraction was therefore not performed and the data taken at detector
angles of less than two degrees contain a significant contribution from
the beam profile.

The data at each of the three wavelengths were taken at six differ-
ent input angles consisting of various combinations of two different inci-
dence angles (ei) and three different tilt angles (Bt). All combinations
for which ei = 0° and 15° and 8, = 0°, 15° and 30° were measured, for
three thicknesses of Raytran ZnSe samples, 1/4", 3/4", and 1".

The purpose of measuring the so-called "s;per" mirror was to demon-
strate as closely as possible the quality of the unperturbed incident
beam when the components of the instrument were arranged for measuring
BRDF. After the measurements were completed we carefully examined the
mirror under magnification and feel doubts that our so-called "super"

mirror was really "super." The "no-sample'" measurements are actually a

better indication of the instrument function. They represent the




?. scattering of a plane parallel plate of air about as thick as each ‘
: sample, as measured by the instrumentation. |
@ Summary
Data are presented with an accuracy of about * 20% to a level of
about 10~ sr-l, Improvements in instrumentation and software could

@ make the measurements more standardized, the accuracy better and the
minimum values lower. Some of the same improvements could be used to
make the spectral selection more flexible.

o The ZnSe data are presented in the following manner: For each of
the three sample thicknesses, three wavelengths, two incident angles 91, ‘
and three tilt angles et, a graph of BTDF versus scattering angle Bs |

® (both positive and negative) is given, followed by the corresponding data
table(s). These add up to a total of fifty-four graphs. These graphs
and corresponding data table(s) are given on pages 13-138.

© The above parameters for each graph and table are denoted, for
example, by "Sample - ZnSe 1/4 (0,15) 6328." This means: Sample thick-
ness = 1/4." 8, = 0, 8, = 15°, and A = 0.6328 um.

® Following the data for ZnSe are presented five graphs for the case
of no sample: one graph for 0.6328 um, .one graph for 3.39 um, and three
graphs for 10.6 um, where the last three graphs were taken on three dif-

e ferent days. These five graphs are on pages 139-143.

Lastly, the graphs and data tables for the '"super mirrors'" are pre-
sented on pages 144-157.
L
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SUPER MIRROR,3.39,¢18,0),AFTER CLEANING

v P e et A
RPN '..'l 'y ’.-.. T gite. RO,
Tototal Dl i A PRI

¥ 23 T AR
Pt s
o-s'a%a

a

- .
e
. e

KB

Ay

.
.

AHG. FROM SPEC BRDF¢/SR) ANG. FROM SPEC BRDF(¢/SR)

-3.2 2.27334E-803 6.4 1.771353E+001

-3.9 3.19631E-803 8.5 1.11985E+001

4.61207E-003 8.6 S.087969E+000

7.87501E-003 8.7 3.85945E+000

1.61261E-802 8.8 2.37010E+000

3.55927E-002 8.9 1.87882E+808

s, 7S426E-602 1.9 1.22761E+009

1.31569E-081 1.1 9.45¢01E-001

1.84966E-081 1.2 7.43341E-001

3.71876E-001 1.3 S.98762E-001

s,.92812£-001 1.4 S.54161E-801

. 2.35459E-001 1.5 4.01946E-801

i 3.19954E-881 1.6 3.61731E-601

s 4,.56353E-081 1.7 3.086S54E-001

. 6.49254E-081 1.8 2.61771E-661
“io 1.261%3E+609 1.9 3.36883E-001
o 1,82395E+800 2.0 2.61964E-801
- 2.75895E+080 2.2 1.59793E-001

N 4.12476E+000 2.4 9.93465E-882
& 7.13378E+600 2.6 4.71988E-002
" 1.C03S8E+821 2.8 2.87795SE-002
- 2,68789E£+801 3.0 1.939?3E-082
: 7.53129€+0081 3.2 1.22197€-002
3 4.31953E+002 3.4 S.33593E-003
; 7.35203E+004 3.6 1.63205E-803
3.57952E+00% 3.8 1.31928E-003

1.44117E+003 4.0 1.132085€-803

2.33203E+002 4.5 1.85862€-843

4.41998E+Q00 s.2 8.93578E-284

5.5 7.407S1E-004

9.0 2.90362E-004

19.0 2.14252E-004

1&e® 1.18441E-004

14.0 1.13331E-094

16.0 8.145S0E-00S

18.0 6.21877E-005

20.8 6.34028E-00%

25.9 3.72394E-005

32.0 7.96421E-806
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SUPER NIRROR,3.39,(20,8)> AFTER CLEANING

ANG. FRON SPEC  pgrpr¢/SR) ANG. FROM SPEC BRDF (/SR>
-20.8 6.71103E-20S 8.8 3.808481E+00%
-13.0 3.67455E-005 9.1 1.68860E+304
-10.0 1.67267E-804 8.2 3,98293E+082

-8.8 2.49490€-084 8.3 6.99414E+001
-6.9 S.03017E-004 8.4 2.46828E+001
-3.9 7.87410E-804 8.5 1.14428E+081
-4.8 1.14877E-0883 8.6 6.47597E+000
-3.8 3.77842E-003 8.7 3.92884E+080
-2.8 s, 18588E-3083 8.8 2.77237E+080
-2.6 8.69517E-0083 8.9 1.95919E+888
~2.4 1.63854E-082 1.8 1.42724E+030
-2.2 3.69723E-8082 1.1 1.17866E+080
-2.8 3.84894E-002 1.2 8.51217E-291
-1.8 6.81121E-002 1.3 7.37876E-001
-§.6 8.9%5¢37E-802 1.4 6.983898E-0a1
-1.4 2.11634E-001 1.5 S.28384E-a01
-1.3 2.79793E-081 1.6 4.18S01E-@81
-1.2 4.14528E-081 1.7 3.82945E-04a1
-1.1 4.31799€-081 1.8 3.32748€E-041
-1.8 8.33047E-001 1.9 2.82481E-001
-3.9 1.43445E+803 2.0 2.7169SE-001
-8.8 2.05313E+600 2.2 1.66122E-0@1
-9.7 2.97871E+820 2.4 8.71048E-0832
-8.6 s, 63532E+600 2.6 4.90343E-802
-0.3 8.52774E+800 2.8 2.94%93€-3a2
-g.4 2.85165E+0081 3.0 1.80939€E-892
-0.3 4.99236E+801 3.2 9.553828E-0083
-8.2 1.2232¢E+902 3.5 1.59¢55E-883
-8.1 7.53204E+003 4.0 1.28877€-803
4.5 1.05262E-303

s.0 8.61650E-3a4

6.8 6.31276E-004

7.8 4.45071E-004

8.9 3.385776-004

10.9 2.53611E~0a4

12.0 1.58278€-004

14.8 1.10386E-004

16.8 9.80353E-005

2S.0 S.17632E-00%

33.8 4.74569E-20%

49.8 2.44038€-00%
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SUPER MIRROR,3.39,(38,05,CLEAN

AHG. FROI{ SPEC.  BRDF(/SR) AHG. FROM SPEC BRDF (/SR>

-20.8 4.95608SE~-30S -3.6 4 5? fzge4_égé

-6.0 S. 81813E-884 -3.2 1.286655*082

-3.8 3.32837E~-003 8.1 2.67891E+005

-2.8 3.26230E-803 8.2 1.16202E+8083

-2.6 7.62776E-003 8.3 8.78472E+801

-2.4 1.69333E-002 e.4 2.818683E+001

"=2.2 3.23468E-002 8.3 1.37479E+801

-2.8 S.63335E-082 8.6 7.60401E+003

-1.9 9.85018E-802 8.7 S.36487E+0893

-1.8 1.28039E-001 8.8 3.28997E+0080

-2.8 3.48251E-902 8.9 2.38335E+3089

-1.9 4.81365E-022 1.0 1.793625+800

-1.8 3.31638E-082 1.1 1.24831E+089

-1.7 6.133C6E-0082 1.2 1.0151 1E+0889

-1{.6 8.988561€-302 1.3 8.4310SE-d01

-1.3 9.99675E-802 1.4 7.58230E-801

~-1.4 1.86784E~-001 1.3 6.68624E-@01

-1.3 2.95467E-0081 1.6 5.48401E-001

-1.2 3. 807335"991 1.7 6.69460E-001

-1.1 3.98858E-001 1.8 4.32432E-901

-1.9 4.33559E-9081 1.9 4.15654E-801

-3.9 8.11064E-801 2.9 2.21683E-901

-a.8 1.660861E+000 2.2 1.9334CE-001

-9.7 3.23731E+0800 2.4 1.11277E-a81

2.6 6. 28595E-002

2.3 3.57826E-802

3.2 1.6149SE-a02

32 1.50125E-@03

; 3e 1.20656E-003
g 6.8 8.74776E-0a4
& a2 3.87110E-004
- 19-9 3.26533E-004
< 15-3 1.03536E~-004
. £9.2 9.49138E-005
#i . 7.44566E-205
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